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Recently, significant enhancements of J/ψ and e+e− pair production at very low transverse mo-
menta were observed by the STAR and ALICE collaboration in peripheral hadronic A+A collisions.
The anomaly excesses point to evidence of coherent photon-nucleus and photon-photon interactions
in violent hadronic heavy-ion collisions, which were conventionally studied only in ultra-peripheral
collisions. The isobaric collisions performed at RHIC provides a unique opportunity to test the
existence of coherent photon products in hadronic heavy-ion collisions. The idea is that the pos-
sible production of coherent photon products is significantly different in different collision systems
due to the variations in their charge and nuclear density distributions. In this letter, we focus on
the peripheral collisions and provide theoretical predictions for coherent production of J/ψ and di-
electron in isobaric collisions. We show that the expected yields differ significantly to perform the
experimental test.
I. INTRODUCTION
In relativistic heavy-ion collisions carried out at the
Relativistic Heavy Ion Collider (RHIC) and the Large
Hadron Collider (LHC), one aims at searching for a new
form of matter — the Quark-Gluon Plasma (QGP) [1]
and studying its properties in laboratory. The produc-
tion of J/ψ and dileptons in heavy-ion collisions are key
measurements to probe the formation of QGP. Due to
the color screening of the quark-antiquark potential in
the deconfined medium, the production of J/ψ would be
significantly suppressed, which was proposed as a direct
signature of the QGP formation [2]. After decades of ex-
perimental and theoretical efforts, it is recognized that
other mechanisms, such as the recombination of decon-
fined charm quarks in the QGP and cold nuclear matter
(CNM) effects, also modify the J/ψ production signifi-
cantly in heavy-ion collisions. Currently, the interplay
of these effects can qualitatively explain the J/ψ yield
measured so far at SPS, RHIC and LHC [3]. Dileptons
have been proposed as “penetrating probes” for the hot
and dense medium [4], because they are not subject to
the violent strong interactions in the medium. Various
dilepton measurements have been performed in heavy-
ion collisions. A clear enhancement in low mass region
(Mll < Mφ) has been observed, which is consistent with
in-medium broadening of the ρ mass spectrum [5, 6].
While the excess presented in the intermediate mass re-
gion (Mφ < Mll < MJ/ψ) is believed to be originated
from the QGP thermal radiation [7].
J/ψ and dilepton can also be generated by the intense
electromagnetic fields accompanied with the relativistic
heavy ions [8]. The intense electromagnetic field can be
viewed as a spectrum of equivalent photons by the equiv-
alent photon approximation [9]. The quasi-real photon
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emitted by one nucleus could fluctuate into cc¯ pair, scat-
ters off the other nucleus, and emerge as a real J/ψ. The
virtual photon from one nucleus can also interact with
the photon from the other, resulting in the production of
dileptons, which can be represented as γ + γ → l+ + l−.
The coherent nature of these interactions gives the pro-
cesses distinctive characteristics: the final products con-
sist of a J/ψ (or dilepton pair) with very low transverse
momentum, two intact nuclei, and nothing else. Conven-
tionally, these reactions are only visible and studied in
Ultra-Peripheral Collisions (UPC), in which the impact
parameter (b) is larger than twice the nuclear radius (RA)
to avoid any hadronic interactions.
Can the coherent photon products also exist in
Hadronic Heavy-Ion Collisions (HHIC, b < 2RA), where
the violent strong interactions occur in the overlap re-
gion? The story starts with the measurements from AL-
ICE: significant excesses of J/ψ yield at very low pT (<
0.3 GeV/c) have been observed in peripheral Pb+Pb col-
lisions at
√
sNN = 2.76 TeV [10], which can not be ex-
plained by the hadronic J/ψ production with the known
cold and hot medium effects. STAR made the same mea-
surements in Au+Au collisions at
√
sNN = 200 GeV [11],
and also observed significant enhancement at very low
pT in peripheral collisions. The anomaly excesses ob-
served possess characteristics of coherent photoproduc-
tion and can be quantitative described by the theoreti-
cal calculations with coherent photon-nucleus production
mechanism [12–14], which points to evidence of coherent
photon-nucleus reactions in HHIC. If coherent photonu-
clear production is the underlying mechanism for the ob-
served J/ψ excess, coherent photon-photon production
should also be there and contribute to the dilepton pair
production in HHIC. Base on this train of thought, STAR
measured the dielectron spectrum at very low pT in pe-
ripheral collisions, and indeed significant excesses were
observed [15], which could be reasonably described by
coherent photon-photon production mechanism [16, 17].
The isobaric collision experiment, recently completed in
the 2018 run at RHIC (9644Ru +
96
44 Ru and
96
40Zr +
96
40 Zr),
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2provides a unique opportunity to further address this is-
sue. The idea is that: the production yield originated
from coherent photon-nucleus interaction should be pro-
portional to Z2, while the production rate of coherent
photon-photon is proportional to Z4; according to above,
the excesses of J/ψ and dielectron would differ signifi-
cantly between isobaric collisions and Au+Au collisions
for centralities with the same hadronic background. In
this letter, we report calculations for coherent production
of J/ψ and dielectron in isobaric collisions to provide the-
oretical baseline for further experimental test. The cen-
trality dependence of the coherent products is presented
and compared to that in Au+Au collisions. The differ-
ence in t distributions of J/ψ between isobaric collisions
and Au+Au collision is also discussed in current frame-
work.
II. THEORETICAL FORMALISM
According to the equivalent photon approximation, the
coherent photon-nucleus and photon-photon interactions
in heavy-ion collisions can be factorized into a semiclas-
sical and quantum part. The semiclassical part deals
with the distribution of quasi-real photons induced by
the colliding ions, while the quantum part handles the
interactions of photon-Pomeron or photon-photon. The
cross section for J/ψ from coherent photon-nucleus inter-
actions can be written as [18, 19]:
σ(A+A→ A+A+ J/ψ) =
∫
dωn(ω)σ(γA→ J/ψA),
(1)
where ω is the photon energy, n(ω) is the photon flux
at energy ω, and σ(γA→ J/ψA) is the photonuclear in-
teraction cross-section for J/ψ. Similarly, the dielectron
production from coherent photon-photon reactions can
be calculated via [20]:
σ(A+A→ A+A+ e+e−)
=
∫
dω1dω2
n(ω1)
ω1
n(ω2)
ω2
σ(γγ → e+e−), (2)
where ω1 and ω2 are the photon energies from the two
colliding beams, and σ(γγ → e+e−) is the photon-photon
reaction cross-section for dielectron.
The photon flux induced by the heavy ions can be mod-
elled using the Weizsa¨cker-Williams method [9]:
n(ω, r) =
4Z2α
ω
∣∣∣∣ ∫ d2q⊥(2pi)2 q⊥F (q)q2 eiq⊥·r
∣∣∣∣2
q = (q⊥,
ω
γ
)
(3)
where n(ω, r) is the flux of photons with energy ω at dis-
tant r from the center of nucleus, α is the electromagnetic
coupling constant,γ is lorentz factor, and the form fac-
tor F (q) is Fourier transform of the charge distribution
in nucleus. In the calculations, we employ the Woods-
Saxon form to model the nucleon distribution of nucleus
in spherical coordinates:
ρA(r, θ) =
ρ0
1 + exp[(r −RWS − β2RWSY 02 (θ))/d]
, (4)
where ρ0 = 0.16 fm
−3, RWS and d are the “radius” and
the surface diffuseness parameter, respectively, and β2 is
the deformity of the nucleus. The deformity parameter
β2 for Ru and Zr is ambiguous and important for the bulk
correlated physics [21], however, it is a minor effect in our
calculations. For simplicity, the deformity parameter β2
is ignored and set to 0. The “radius” RWS (Au: 6.38
fm, Ru: 5.02 fm, Zr: 5.02fm) and surface diffuseness
parameter d (Au: 0.535 fm, Ru: 0.46 fm, Zr: 0.46 fm)
are based on fits to electron scattering data [22]. Fig. 1
shows the two-dimensional distributions of the photon
flux induced in isobaric collisions at
√
sNN = 200 GeV as
a function of distant r and energy ω for Ru + Ru (left
panel) and Zr + Zr (right panel).
The cross-section for γA → J/ψA reaction can be
derived from a quantum Glauber approach coupled
with the parameterized forward scattering cross section
dσ(γp→J/ψp)
dt |t=0 as input [12, 13, 18]:
σ(γA→ J/ψA) = dσ(γA→ J/ψA)
dt
∣∣∣∣
t=0
×∫
|FP (~kP )|2d2~kP⊥ ~kP = (~kP⊥, ωP
γc
)
ωP =
1
2
MJ/ψe
±y =
M2J/ψ
4ωγ
(5)
dσ(γA→ J/ψA)
dt
∣∣∣∣
t=0
= C2
ασ2tot(J/ψA)
4f2J/ψ
(6)
σtot(J/ψA) = 2
∫
(1− exp(−1
2
σtot(J/ψp)TA(x⊥)))d2x⊥
(7)
σ2tot(J/ψp) = 16pi
dσ(J/ψp→ J/ψp)
dt
∣∣∣∣
t=0
(8)
dσ(J/ψp→ J/ψp)
dt
∣∣∣∣
t=0
=
f2J/ψ
4piαC2
dσ(γp→ J/ψp)
dt
∣∣∣∣
t=0
(9)
where TA(x⊥) is the nuclear thickness function, −t is the
squared four momentum transfer, and fJ/ψ is the J/ψ-
photon coupling. Eq. 6 and 9 are relations from vector
meson dominance model [23] and the correction factor
C is adopted to account for the non-diagonal coupling
through higher mass vector mesons [24], as implemented
in the generalized vector dominance model [25]. Eq. 8
is the optical theorem relation and parametrization for
forward cross section dσ(γp→J/ψp)dt |t=0 in Eq. 9 is obtained
from [20].
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FIG. 1. Two-dimensional distributions of the photon flux in the distant r and in the energy of photon ω for Ru + Ru (left
panel) and Zr + Zr (right panel) collisions at
√
sNN = 200 GeV.
The elementary cross-section to produce a pair of
positron-electron with electron mass m and pair invari-
ant mass W can be determined by the Breit-Wheeler
formula [26]
σ(γγ → l+l−) =
4piα2
W 2
[(2 +
8m2
W 2
− 16m
4
W 4
)ln(
W +
√
W 2 − 4m2
2m
)
−
√
1− 4m
2
W 2
(1 +
4m2
W 2
)].
(10)
The angular distribution of these positron-electron pairs
can be given by
G(θ) = 2 + 4(1− 4m
2
W 2
)
(1− 4m2W 2 )sin2(θ)cos2(θ) + 4m
2
W 2
(1− (1− 4m2W 2 )cos2(θ))2
,
(11)
where θ is the angle between the beam direction and one
of the electrons in the positron-electron center of mass
frame.
The approaches employed in this calculation are very
mature in UPC, which could quantitatively describe the
experimental measurements [14, 27–30]. However, the
energetic strong interactions in HHIC could impose sig-
nificant impact on the coherent production. The possi-
ble disruptive effect could be factorized into two distinct
sub-process: photon emission and external disturbance
in overlap region. The equivalent photon field is highly
contracted into the transverse plane, and travels along
with the colliding nuclei in the laboratory frame. There-
fore the coherent photon-nucleus and photon-photon in-
teractions occur at almost the same time when violent
hadronic collisions happen. Due to the time retarded
potential, the quasi-real photons are likely to be emitted
before hadronic collision by about ∆t = γR/c, where γ is
Lorentz factor, and R is the transverse distance from the
colliding nuclei. Hence, the photon emission should be
unaffected by hadronic collisions. In the overlap region
of collisions, the photon products could be affected by the
violent hadronic interactions, leading to the loss of coher-
ent action. For the coherent photon-photon interactions,
because the final product is electron-positron pair, which
is not subject to the strong interactions, the disruption
effect from overlap region should be small enough to be
neglected in the calculations. However, the J/ψ’s from
coherent photon-nucleus interactions are sensitive to the
hadronic interactions, thus the production in overlap re-
gion is prohibited in our approach. Furthermore, as de-
scribed in Ref. [13], the interference effect is included in
the calculations of coherent photon-nucleus process.
III. RESULTS
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FIG. 2. Yields of coherent J/ψ production as a function of
Npart at
√
sNN = 200 GeV in Au+Au (solid line), Ru+Ru
(dotted line), and Zr+Zr (dashed line) collisions.
Figure 2 shows the coherent J/ψ yields, including in-
terference effect, as a function of number of participants
(Npart) at
√
sNN = 200 GeV in Au+Au (solid line),
Ru+Ru (dotted line), and Zr+Zr (dashed line) collisions.
The predictions in Au+Au and isobaric collisions all fol-
low a trend from rise to decline towards central collisions.
The increasing of cross section from peripheral to semi-
peripheral collisions results from the larger photon flux
4-2)2-t (Gev/c
0 0.005 0.01 0.015 0.02
dN
/d
t
-410
-310
-210
 = 200 GeV  |y| < 1NNs
Au+Au: 60-80%  Zr(Ru)+Zr(Ru): 47-75%
Au+Au
Zr+Zr
Ru+Ru
FIG. 3. The t distribution of coherently produced J/ψ at√
sNN = 200 GeV in Au+Au collisions for 60−80% centrality
class (solid line), Ru+Ru collisions for 47 − 75% centrality
class (dotted line), and Zr+Zr collisions for 47−75% centrality
class (dashed line).
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FIG. 4. The invariant mass spectrum of electron-positron pair
at
√
sNN = 200 GeV in Au+Au collisions for 60−80% central-
ity class (solid line), Ru+Ru collisions for 47−75% centrality
class (dotted line), and Zr+Zr collisions for 47− 75% central-
ity class (dashed line). The experimental measurements [15]
in 60 − 80% centrality class from STAR are also plotted for
comparison.The results are filtered to match the fiducial ac-
ceptance described in the text.
induced by nucleus with smaller impact parameter. How-
ever, the later on inversion of trend originates from the
destructive interference and external disturbance from
overlap region, which prevails over the increasing photon
flux towards central collisions. The turning point of the
trend in Au+Au collisions is at higher Npart value than
those of isobaric collisions, which is due to the collision
geometry and nucleus profile differences. The production
rate in Ru+Ru collisions is 1.2 times that in Zr+Zr col-
lisions, following the exact Z2 scaling. And the yields
in isobaric collisions is dramatically smaller than that
in Au+Au collisions, which is conducted by the huge Z
difference combined with different nuclear profile and col-
lision geometry. The significant differences in production
rate among the three collision systems lead to dramat-
ically different enhancements with respect to hadronic
background, which provides us a sensitive probe to test
the coherent photoproduction in HHIC.
The differential distributions of coherently produced
J/ψ in the three collision systems are also studied in this
paper. Fig. 3 shows the t distributions of coherently pro-
duced J/ψ at
√
sNN = 200 GeV in Au+Au collisions for
60 − 80% centrality class (solid line), Ru+Ru collisions
for 47 − 75% centrality class (dotted line), and Zr+Zr
collisions for 47−75% centrality class (dashed line). The
Mandelstam variable t is expressed as t = t‖ + t⊥, with
t‖ = −M2J/ψ/(γ2e±y) and t⊥ = −p2T . At top RHIC en-
ergies, t‖ is very small and neglected here(t ' −p2T ).
The specified centrality class is chosen to guarantee the
same hadronic backgrounds in the three collisions sys-
tems. The rapid drops towards pT → 0 in t distributions
come from the destructive interference from the two col-
liding nuclei, while the downtrends at relative higher pT
range reveal diffraction pattern, which are determined
by the nuclear density distributions. The corresponding
t value at peak positron in Au+Au collisions is smaller
than those in isobaric collisions, which is due to the larger
impact parameter in Au+Au collision for the selected
centrality class. And the slope of the down trend at rela-
tive higher pT range in Au+Au collisions is deeper than
those in isobaric collisions, owning to larger nuclear pro-
file for Au nucleus. There is no difference in t distribu-
tions between isobaric collisions, since we use the same
nuclear density distributions for Zr+Zr and Ru+Ru.
In comparison to coherent photon-nucleus interactions,
the Z4 dependence of coherent photon-photon process
make it a more significant signal to be tested in HHIC.
The cross-section of photon-photon interactions is heav-
ily concentrated among near-threshold pairs, which are
not visible to existing detectors. So, calculations of the
total cross-section are not particularly useful. Instead,
we calculate the cross-section and kinematic distribu-
tions with acceptances that match that used by STAR.
Fig. 4 shows the invariant mass spectrum of electron-
positron pair at
√
sNN = 200 GeV in Au+Au collisions
for 60 − 80% centrality class (solid line), Ru+Ru col-
lisions for 47 − 75% centrality class (dotted line), and
Zr+Zr collisions for 47 − 75% centrality class (dashed
line). The results are filtered to match the fiducial ac-
ceptance at STAR: daughter track transverse momentum
pT > 0.2 GeV/c, track pseudo-rapidity |η| < 1, and pair
rapidity |y| < 1. The experimental measurements [15] in
60− 80% centrality class from STAR are also shown for
comparison, which could be reasonaly described by our
calculation. The mass distribution shapes for the three
collision systems are almost the same, while the relative
yield ratios are 7.9 : 1.5 : 1.0 for Au+Au, Ru+Ru, and
Zr+Zr collisions, respectively. The large differences pro-
vide excellent experimental feasibility to test the produc-
tion mechanism in isobaric collisions.
5IV. SUMMARY
In summary, we have performed calculations of J/ψ
production from coherent photon-nucleus interactions
and electron-positron pair production from coherent
photon-photon interactions in hadronic isobaric colli-
sions. We show that the production rate of the coherent
photon products at RHIC top energy differ significantly
between isobaric collisions, and in comparison with those
in Au+Au collisions, the differences grow enormous. The
differential t distributions of coherently produced J/ψ in
isobaric collisons are also studied, which possesses differ-
ent shapes compared with that in Au+Au collisions due
to the different nuclear profile and collison geometry. The
predictions for isobaric collisions carried out in this paper
provides theoretical basline for the further experimental
test, which would be performed in the near future.
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